Integrated agriculture nutrition programs can increase the quantity and quality of nutritious foods through multiple pathways. Increased household production increases the availability of own produced food for consumption, as well as income for food purchases. Increased knowledge of nutrition introduced through a behavior change communication strategy can change food preferences and shift purchasing decisions towards nutritious foods. In a randomized control trial, we demonstrate that an integrated agriculture-nutrition program in Burkina Faso improved the quality of diets by reducing household macro and micronutrient consumption gaps. We estimate production and consumption nutrient gaps for households in our sample by comparing reported consumption or production of nutrients relative to recommended daily allowances for households. Differences between actual nutrient consumption and production values and the recommended daily allowances provide an estimate of the nutrient gaps (surplus or deficit) within the household. We find that the integrated agriculturenutrition program reduced consumption nutrient gaps in treatment households. We also investigate whether the production or nutrition knowledge pathways explain the consumption nutrient gap treatment effects. Though crop choice led to a diversified household production of nutritious foods in treatment villages on the extensive production margin, increased household production of nutrients does not explain the improvements in diet quality due to limited treatment effects for the estimated production nutrient gaps at the intensive production margin. Consumption expenditures in treatment villages did increase purchases of nutritious foods, suggesting that the behavior change communication strategy is effective at not only increasing nutrition knowledge, but also in affecting consumer preferences.
agriculture, not only to increase agricultural development, but to achieve health and nutrition outcomes (e.g., International Fund for Agricultural Development 2011; Herforth 2012; Food and Agriculture Organization of the United Nations 2012; Webb 2013). In a nonseperable agricultural household model, the demand for food is, in part, determined by the availability of own production, income from the sale of agricultural products and the household's preferences for foods, as well as relative food prices. An integrated agriculturenutrition program may have an impact on household macro and micronutrient consumption via the agriculture or nutrition components of the program. The agriculture component can lead to increased crop production diversity or increased total production. Increased production increases available food for own produced food consumption or food purchases from agricultural income. The nutrition component, or behavior change communication strategy (BCC), can improve knowledge of nutritious foods and encourage households to diversify their diets, especially by vulnerable household members (e.g., pregnant and lactating women and children less than 2 years of age). The promotion of nutritious foods is designed to change household preferences for food or the distribution of food within the household. BCC also provides health and hygiene education, which may increase the sanitary conditions within the household and nutrients absorbed from food.
This paper provides empirical evidence from a randomized control trial of the estimated effects of an agriculture-nutrition program on household nutrient consumption gaps, production diversity, nutrient production gaps, and food expenditures. Household nutrient consumption and production gaps are measures of whether the household is consuming or producing more or less macro or micro-nutrients to meet Recommended Daily Allowances (RDA; Institute of Medicine 2000 Medicine , 2002 Medicine , 2006 , according to the household composition of its members. We estimate production and consumption nutrient gaps for households, adjusted for household composition, in our sample by comparing reported consumption or production nutrients relative to the RDA.
The relationship between diets and agricultural production has a long history of empirical investigation in the macroeconomic development literature on structural and demographic transformation (e.g., Dasgupta 1993; Popkin 2004) . A body of microeconometric literature has also examined the calorie-income elasticity, particularly in rural areas (Sahn 1988; Behrman and Deolalikar 1989; Ravallion 1990; Ye and Taylor 1995; Subramanian and Deaton 1996; Thomas and Strauss 1997) concluding that these elasticities were generally low. Increasingly integrated agriculture-nutrition programs have been promoted to address micronutrient deficiencies in response to this evidence, along with conditional cash transfer programs (Gertler 2004; Leroy, Ruel, and Verhofstadt 2009) and school feeding programs (Adelman, Gilligan, and Lehrer 2008; Alderman and Bundy 2011) . Empirical evidence on the causal effect of increased agricultural production on diet quality such as dietary diversity is limited, though observational studies of this relationship have provided an initial evidence base (Dillon, McGee, and Oseni 2014; Jones, Shrinivas, and BeznerKerr 2014; Carletto et al. 2015; Sibhatu and Qaim 2018) . The production and dietary diversity literature has generally concluded that there is a positive, small relationship, but most studies have not identified a causal relationship (Sibhatu and Qaim 2018) . This paper contributes causal evidence about the effects of agricultural production and behavior change communication for improved nutrition on household macro and micro-nutrient gaps as a household outcome of interest. 1 We demonstrate that the integrated agriculture-nutrition program improved diet quality and reduced macro-and micronutrient consumption gaps. The mechanism through which program households experienced these changes was not primarily through increased production. Though crop choice led to a diversified household production of nutritious foods in treatment villages at the extensive margin, increased household production of nutrients at the intensive margin does not explain the increase in household nutrient consumption alone, as production gains were insufficient to meet household nutrient requirements. This evidence suggests that the scale of agricultural interventions and inclusion of complementary activities, not simply the diversification of production, needs to be considered in designing programs that are intended to improve diets. In estimating the effect of the program on consumption expenditures, we find households in treatment villages increased purchases of nutritious foods with larger effects on consumption expenditures in villages where the BCC program components were more effective at increasing nutrition knowledge and reducing childhood anemia and wasting . The treatment effects on food expenditures are consistent with the macro-and micro-nutrient gap reductions we estimate in the paper. We provide evidence that changes in land holdings, agricultural income, or general equilibrium price effects do not explain the observed changes in nutrient consumption gaps. Our results can be interpreted from a food security perspective considering the four dimensions of food security: food availability, food access, utilization, and stability (Food and Agricultural Organization 2006) . The agriculture-nutrition program primarily improved the utilization of food to reduce macro and micro-nutrient consumption gaps.
The next section of the paper describes the theoretical motivation for this work to clearly define the concept of nutrient gaps in the context of the household's production and consumption decisions. The randomized control trial and study context are detailed in the subsequent section. The following section of the paper describes the method for calculating nutrient values from household consumption and production data. The next section motivates the empirical strategy of the paper, after which the empirical results are presented. The last section concludes.
Theoretical Motivation
Agriculture-nutrition programs influence nutrient consumption through production and health and nutrition pathways. Agricultural interventions increase the availability of food when crop diversification, irrigation use, and the increased use of inputs raise production, which results in increased agricultural income to purchase food and the availability of ownproduced food for consumption. Behavior change communication program components affect household tastes by encouraging the consumption of nutritious foods and the promotion of improved infant and young child feeding and care practices. To capture the inter-relationships between these production and nutrition pathways, we frame the household's problem from the perspective of an agricultural household model that maximizes expected utility given production and health technologies available to the household. The household's decisions are constrained by an agricultural production function, a health production function, time endowment, and an intertemporal budget constraint (see Singh et al. 1986; Bardhan and Udry 1999; Barrett 2002; LaFave, Peet, and Thomas 2013) . The household's problem is to choose own produced agricultural goods (x at ), purchased market goods (x mt ), agricultural inputs (V t ) and leisure (l t ) to maximize the discounted stream of expected utility given observed (l t ) and unobserved household characteristics (e t ) such that ð1Þ max x at ;x mt ; V t ;l t E X 1 t¼0 b t uðx at x mt ; l t ; l t ; e t Þ " # subject to production, time, health and budget constraints:
is the profit function over season t. Equation (2) represents the agricultural production function, which depends on vectors of farm labor (L t ), variable inputs (V t ), fixed assets (A t ) such as land and capital, and seasonal climate variability (h). The household's time endowment (equation 3) is divided between leisure, on-farm (L F t ), and off-farm labor (L O t ). Health is produced by the household through the consumption of nutrients from both own-produced agricultural goods (x at ) and purchased market goods (x mt ). Nutrition is one component of health where the nutrient content of the food consumed affects health. Barrett (2002) defines N, a non-negative matrix that represents the nutrient content of food, to scale self-produced or market purchased food. The nutrient content of own-produced or market purchased food is an input into the health production function. Health is also affected by leisure time (l t Þ, health and nutrition information (I t Þ; health shocks (u h t Þ; and a vector, Z t , of individual observable and unobservable health characteristics (genetics; Pitt and Rosenzweig 1985) . A standard dynamic household budget constraint is represented in equation (5).
In a nonseparable formulation of the agricultural household model, production factors such as input prices also influence the household's consumption choices.
3 Equation (6) provides the reduced form purchased market goods demand, which can be derived from the first-order condition where good m consumption depends on market ðp mv Þ and own-produced agricultural good prices ðp av Þ, the price of variable inputs ðp v Þ such as agricultural labor, fertilizer, pesticides or herbicides, interest rates (r tþ1 ), farm profits (p t ) conditional on climate variability (h), exogenous income (y V ), and future prices via the marginal utility of wealth (k V ). Consumption also depends on observed (size and composition) and unobservable household characteristics (food preferences). Input prices affect household consumption when markets are incomplete and we cannot assume that income alone affects household consumption demand. Therefore, the consumption demand equation includes not only variables that affect household income, but also those variables that affect production decisions.
We can define household consumption or production nutrient gaps as the difference between the nutrients consumed or produced, respectively, relative to the household-specific nutrient requirements ð7Þ Consumption Nutrient Gap Nx at þNx mt À RDAðn;age; gender;breastfeeding; lactatingÞ
Production Nutrient Gap NQ t À RDAðn; age; gender; breastfeeding; lactatingÞ:
In equation (7), the household consumption nutrient gap is the difference between household food intake from own produced food that is consumed (x at Þ and purchased ðx mt Þ minus nutrient requirements as prescribed in the Recommended Daily Allowances. Equation (8) describes the household production nutrient gap, which is the difference between the nutrients produced by the household and nutrient requirements as prescribed in the Recommended Daily Allowances (RDA). The household RDA is the sum of each household members' nutrient requirements (Institute of Medicine 2006). These requirements are based on a person's age, gender, whether they are breastfeeding or a lactating mother. Appendix table A1 provides the requirements by individual characteristics for each micronutrient in the paper.
We sketch this model making note of the reduced-form purchased market good demand and the nutrient gaps to illustrate that in the nonseperable agricultural household model with a health production constraint, an agriculture-nutrition program may have an impact on macro-and micronutrient consumption via household changes in preferences, increases in farm profits from either crop production diversity or increased total production, which may increase household income as well as induce relative food price changes in general equilibrium. Equation (6) illustrates the importance of experimental control, described in more detail below, to induce exogenous variation in the household's costs of production which affects farm profitability and crop choice, but also potentially changes household's preferences, an unobservable household characteristic, via the nutrition behavior change communication (BCC) strategy and hence nutrient consumption. Despite the multi-sectorial design of the program, these theoretical insights permit us to describe potential mechanisms through which the combined production and nutrition BCC interventions affected household macro-and micro-nutrient gaps to motivate the empirical analysis.
Program Description and Experimental Design
In 2010, Helen Keller International (HKI) implemented a two-year enhanced-homestead food production (E-HFP) program in four districts in the Fada N'Gourma Province in eastern Burkina Faso with the specific objectives of improving women's agricultural production of nutrient-rich foods during the dry season, as well children's nutritional status by increasing the availability of nutrientrich foods (poultry, fruit, and vegetables) through increased household production of these foods. Other objectives included raising income through the sale of surplus production and increasing knowledge and adoption of optimal Infant and Young Child Feeding (IYCF) and care practices, including the consumption of nutrient-rich foods. Households were eligible to participate in the program in 30 treatment villages, which were randomly selected in 2010 based on the eligibility criteria that the household's mother had a child between 3 and 12 months of age at baseline. To achieve the three principle program objectives, the program design focused on agricultural production interventions coordinated with a nutrition, health, and hygiene behavior change communication (BCC) strategy that were targeted to the mothers with children 3-12 months at baseline. In 25 randomly selected control villages from the same geographic area, households were invited to participate in the study based on the same eligibility criteria as was used for study and program enrollment in the treatment group villages (i.e., households with a mother with a child between 3 and 12 months of age at the time of the baseline survey). However, households in the control villages were only administered baseline and followup questionnaires and were not provided with any program interventions.
The production intervention consisted of agricultural training and input distribution organized around a demonstration village model farm (VMF) where women with ageeligible children learned farming techniques for nutrient-rich foods and had a small plot where they could begin cultivation. The program design for the VMF was to create a sustainable space of cultivation and interaction for the beneficiaries with access to the garden plots. The VMF was supported by the provision of agricultural inputs including seed, agricultural capital (wheelbarrows, watering cans), and access to a dry-season well and drip irrigation. In addition, HKI provided agricultural inputs to promote small animal production supplying chickens and in some cases goats for the VMF. Beneficiary women replicated techniques that they learned in the VMF in their own home gardens with support from HKI, who also provided these beneficiaries with seeds, saplings, and chickens to start their home production activities. As part of the establishment of the VMF, beneficiaries were trained in production techniques such as the use of raised beds, compost, natural pest control methods, and the importance of poultry vaccines, among others. An HKI staff member monitored program activities and production on each village VMF throughout the program implementation period, providing advice for both VMF and home production plots. The nutrition and health BCC strategy designed by HKI focused on educating program beneficiaries about essential nutrition actions and encouraging the adoption of optimal IYCF practices, including the consumption of nutrient-rich foods. Program implementers were trained in both the relevant technical knowledge as well as in adult education techniques to facilitate their ability to effectively teach adults and encourage the adoption of optimal practices. The BCC strategy was implemented through two sets of actors to test whether using different types of implementers led to improved IYCF knowledge and the consumption of nutritious foods. 4 Within the community of BCC implementers, there are a variety of approaches for BCC strategies with presumed effectiveness of different interventions tied to who is communicating with the targeted group. In 15 villages the BCC strategy was led by "older women leaders (OWL)" and in 15 other villages it was led by "health committee (HC)" members. In West African countries where older women provide birthing and childcare assistance to younger women, older women can be particularly influential in determining how women take care of their children and therefore were believed to be potentially effective in encouraging women to adopt the behaviors that are taught and supported by these women (Aubel 2006) . Health committee members who work to disseminate information and coordinate local health interventions as a formal component of the Ministry of Health's local outreach may have more technical knowledge and training and thus a technical advantage when it comes to training people about optimal health and nutrition behaviors, including IYCF practices. Village health committees are also generally mixed gender groups that may either decrease informational barriers by reducing gender-based information asymmetries, or it may inhibit knowledge transfer if intergender communications are less effective than same-gender communications within rural communities. Though production interventions were designed to be similar across treatment villages, the identification strategy will disaggregate treatment effects by treatment group (HC or OWL), as the BCC interventions may have influenced household preferences for consumption and production decisions such as crop choice.
5 Indeed, in previous work , we have documented differences in the treatment arms with respect to children's nutrition and mothers' health knowledge outcomes.
Before program implementation started, a baseline study was undertaken between February-April 2010 in the 55 treatment and control villages that were drawn from four districts in the Fada N'Gourma Province in eastern Burkina Faso. A multi-topic household survey was used that included household information on demographics and consumption, plot-level agricultural production information, mother-specific health and nutritionrelated knowledge and practices information, and child-specific anthropometric and hemoglobin measurements. A follow-up survey was undertaken during the same months in 2012 that used the same modules as the baseline survey. Table 1 provides descriptive statistics of the agricultural production profile of households assigned to the control, OWL, and HC groups at baseline and endline. The production profile illustrates differences in initial landholdings between men and women with men cultivating 2 more hectares than women and controlling approximately 78% of household area cultivated. Women tended to have smaller average plot sizes with a lower fertilizer and manure utilization rate. Men's production totals were higher than those of women's for both cereals, roots, and tubers and fruits and vegetables at baseline and endline rounds. In treatment villages, endline production of fruits and vegetables was considerably higher for both men and women while cereal, root, and tuber production remained relatively constant for men with a small increase in production level for women in treatment villages. We describe differences in production between men and women to motivate our subsequent analysis. The agricultural intervention was targeted to women to increase their control over nutritious food produced in the household as well as the income that results from the sale of their production. The agricultural intervention may also have spilled over to men's plots, which could also increase the availability of nutritious food and income for the household.
Balancing Tests and Attrition
To better understand whether the agricultural intervention was successful, we present these descriptive statistics to motivate differential trends over time, between genders, and between study groups (OWL, HC, and control). Comparisons between study groups in table 1 illustrate that for the control group, production decreases for men and women. Production increases for men and women for these crops in the treatment groups (comparisons of columns 2 and 5 for the OWL treatment group, and columns 3 and 6 for the HC group). There is a negative production trend in the control group with respect to the targeted crops and a positive production trend in both treatment groups. Without an appropriate counterfactual for the treated villages, we would underestimate the production effects of the intervention, as a negative production trend exists in the control group. Table 2 presents the balancing tests of household, parental, and child baseline characteristics for the sample, which was able to be tracked in both the baseline and follow-up surveys. The null hypothesis of mean equality across HC, OWL, and control groups cannot be rejected in most tests of observable characteristics. Household characteristics including household size, housing characteristics, men's and women's assets, and men's and women's livestock values are balanced across subgroups at the 5% level. Parental characteristics such as education are also balanced across treatment and control groups. In results not presented in this paper, household land holdings, total production, and fertilizer usage are also balanced between treatment groups and control.
A follow-up survey was implemented in 2012 during the same months of the year as the baseline in 2010. Household attrition could potentially bias impact estimates if households were not able to be reinterviewed after the initial baseline interview. While it is impossible to track every household that may have been interviewed at baseline, every effort was made to minimize attrition in the field work for the follow-up survey. Using computer-assisted interviewing, enumerators had a list of households to be re-interviewed in each village, which included identifiable information from the baseline. This information included the names of each household member at baseline, their relationship to the household head, and other relevant demographic characteristics of the household. Table 3 presents differences between treatment and control groups and treatment subgroups (OWL and HC) with respect to attrition. Attrition was generally higher in the control group than in the treatment groups. In the treatment villages, 13.9% of households attrited, with no substantial difference between the two treatment subgroups, whereas in the control villages, 19.2% of control group households attrited. This difference resulted in a statistically significant t-test of the difference in mean attrition at the 1% level of statistical significance. Femaleheaded households, households with male household members, and fewer children were more likely to attrit from the household panel, but predictors such as education, durable asset values, land size, or baseline production were not significant determinants of the attrition rate. To address the potential bias that attrition may cause in estimation results, attrition weights are estimated using inverse probability weighting. 6 We re-weight the 
Note: Standard deviations of variables are reported in parentheses. The second panel reports input utilization at the plot level, rather than at the household level. Input utilization at the plot level indicates the percentage of plots that use the input relative to the total number of plots in the sample. Source: Bliznashka et al. (2015) . 6 This method of inverse probability weighting (Wooldridge 2002) only accounts for attrition bias if observable characteristics and not other unobservable characteristics of the household (motivation to seek health care for their children or willingness to seek jobs in other locations) or child (genetic endowments or health history) influence attrition. While this approach cannot rule out that unobservable characteristics may bias estimates, correcting the estimates based on observable characteristics reduces observable characteristic attrition bias. Implementing an inverse probability weighting correction requires the estimation of the following equation: P Attrition ð Þ¼ bX baseline þ cDistrict þ e. This specification is estimated using household characteristics to estimate the determinants of attrition for households and child and household characteristics to estimate the determinants of attrition for children and includes district-level indicators. Using the coefficient estimates from the relevant household or child specification, the probability of attrition is then predicted for each household or child based on their observable characteristics. The inverse of this predicted regression estimates to account for the probability that a household is likely to attrite given their observable characteristics.
7
Despite the potential for attrition bias documented in table 3, table 2 does demonstrate that despite differences in attrition rates, a balance on observable characteristics is still observed across the non-attrited sample in both treatment and control groups.
Nutrient Value Data Description
To estimate the consumption and production nutrient gaps, we used a food composition table (FCT) to find nutrient values from items listed in the consumption and production modules of the household questionnaire. Nutrient values for energy, protein, fat, carbohydrate, zinc, iron, thiamin, riboflavin, folate, and vitamins B6, B12, A, and C were assigned for the 56 food items in the consumption data, and 12 additional items in the production data. These nutrients are among those that may be limited in diets or related to nutrition-related problems in lessdeveloped countries such as stunted growth or anemia. We obtained nutrient values and edible yield primarily from the Food and Agriculture Organization of the United Nations (FAO) West African Food Composition Table (FAO 2012) and supplemented this in a few cases with data from the USDA Standard Reference 26 database (USDA 2013). We adjusted nutrient values for cooking losses using retention values from the FAO (2012).
The nutrient requirements were calculated for each survey round year (2010 or 2012) according to the household composition reported by survey round year in the data. Individual energy requirements are calculated according to weight, sex, and assuming moderate activity of individuals in each household according to the FAO (2004) and aggregated to the household level (see also FAO/WHO/ UNU 2004, WHO and FAO 2004) . An average weight for adults was The pvalue tests the null hypothesis that the means of the HC, OWL and control are equal. For continuous variables, the confidence interval is presented in the table in parentheses. For indicator variables, the number of observations and percentage of the sample is presented in parentheses.
Source: Olney et al. (2015) .
probability is then used to re-weight the regression estimates to correct for attrition bias. 7 Alternative methods to address attrition using Lee Bounds illustrates the robustness of our main results. Lee Bounds may also have limitations in addressing attrition bias. In particular, reducing the sample to "always reporters" to estimate the bounds imposes a monotonicity assumption and does not permit estimation of the intent to treat effect for the full sample (Gerber and Green 2012 (WHO 1998) . No nutrient requirements for infants <6 months were included because it is assumed all needs are met by breastmilk and the additional requirements needed for the breastmilk are included in the requirement for lactating women. The RDA was chosen to assess nutrient adequacy gaps at the household level because that is the level that meets 97.5% of nutrient requirements and would therefore not underestimate most of the household's requirements. In contrast, an estimated average requirement-rather than one based on household composition-would only meet the requirements of 50% of the population. Table A1 provides the nutrient requirements for age and sex groups. Nutrient requirements for age and sex groups are matched to the appropriate requirement and summed for each household.
For consumption data, nutrient requirements are adjusted for individuals who were not present in the household during the consumption period. The household size is adjusted according to the number of days each member was present. To estimate household consumption nutrient food gaps, household food amounts are converted to edible portions using yields from the FAO (2012). Household nutrients consumed are calculated by multiplying the grams of edible portion consumed by the per gram nutrient value from the FCT. Weekly consumption amounts are converted to daily amounts. For each household, the nutrient consumption gaps for each nutrient measured is calculated as the household's total nutrient consumption minus the household's total nutrient requirement.
Nutrients produced by the households and the nutrient production gaps are calculated similarly to the method for nutrients consumed. Production amounts are converted to edible amounts and household nutrients consumed are calculated by multiplying the edible amount in grams by the nutrient value per gram in the FCT. Yearly production amounts are converted to daily amounts. For each household, the nutrient production gaps are calculated as the household's total nutrient production minus the household's total nutrient requirement.
For the purpose of identifying outliers, household amounts are converted to per person amounts using the household size. Outliers for the consumption data are defined by a food item ! 3 SD above the mean energy produced per person for that food. Outliers for the production data are defined as either a food item ! 3 SD above the mean based on energy consumed per person for that food item, or a total energy per person consumption >7,000 kcal/day. 8 Outliers are dropped from the analysis. Due to the differences in the presence of outliers in the consumption and production data, different Note: The p-value tests the null hypothesis that the attrition probability of the HC, OWL, and control are equal. Each cell represents the fraction of households who attrited between baseline and endline by group. Table reproduced from Bliznashka et al. (2015) .
sample sizes are used to estimate the treatment effects on nutrient consumption gaps (N ¼ 1,141) and nutrient production gaps (N ¼ 1,292). The proportion of outliers is balanced across HC, OWL, and control groups.
Crop portfolio (N ¼ 1,351) and food expenditures (N ¼ 1,382) do not require nutrient calculation, and consequently, only observations with no reported production or consumption are excluded from the analysis.
Econometric Strategy
The econometric strategy for the paper exploits the randomized village-level assignment of households of children in the targeted age cohort at baseline (3-12 months) to one of two treatment groups and a control group. The agriculture-nutrition program (treatment) is composed of one of two BCC strategies (HC or OWL) and an agricultural production intervention. Using exogenous variation in program assignment, the econometric strategy assesses the effect of this agriculture-nutrition program to reduce household macro-and micronutrient deficiencies by estimating the effects of the program on household dietary intakes, as well as nutrient production gaps. We estimate the intent to treat effect with the baseline and follow-up surveys using a difference in differences econometric strategy. First, the regression specifications for crop choice treatment effects are outlined for discrete indicators of crop choice. This provides the most disaggregated approach to estimate crop choice and potential crop diversification and provides an estimate of the program on the extensive production margin. Second, the identification of nutrient production and consumption treatment effects are described using the nutrient consumption and production gaps calculated from the household data as described above. These estimates provide an estimate of the program's effect on production and consumption at the intensive margin. We also use the described difference in differences specification to estimate changes in land cultivated, agricultural income, and price changes.
Crop Choice Treatment Effects
The agriculture-nutrition program may have distributional effects via increased crop portfolio diversity independent from, or in addition to, increasing total agricultural production. As households face labor, input, and credit constraints in rural Burkina Faso, the reallocation of limited resources in response to the program intervention could shift crop portfolios without an increase in nutrient production. To test crop portfolio reallocation, equation (9) is estimated where we look at differences in crop portfolios after program implementation between households in treatment groups (HC and OWL) and control villages
The variable HC indicates treatment in the HC group (1 ¼ HC, 0 if not) and the variable OWL, which indicates treatment in the OWL group (1 ¼ OWL, 0 if not). 9 The outcome variable Crop 2012 is a binary variable that indicates whether a particular crop was grown in the 2012 season, while Crop 2010 is a crop indicator for a particular crop grown at baseline. The analysis estimates this equation for 24 crops grown during the 2010 and 2012 agricultural seasons. We can interpret positive coefficients (b HC , b OWL ) as evidence that the program increased crop portfolio choice and production diversity of the household.
Nutrient Production and Consumption Treatment Effects
After calculating nutrient consumption and production gaps as described above, the effect of the agriculture-nutrition program is estimated using a difference in differences (DID) estimation where standard errors are corrected at the village level, the unit at which treatment was assigned. The specification in equation (10) provides evidence whether or not changes in nutrient production gaps are similar in magnitude to changes in nutrient consumption gaps. If coefficients were similar in both the production and consumption nutrient gap estimates, an inference that greater nutrient production leads to increased nutrient consumption could be made. The DID specification is
where the variable HC indicates treatment in the HC group (1 ¼ HC, 0 if not) and the variable OWL, which indicates treatment in the OWL group (1 ¼ OWL, 0 if not). This permits a comparison of the different BCC strategies employed by the program. In both specifications, the coefficient, b, provides the intent to treat estimate of the overall program effect in the HC or OWL groups. Increased precision of estimates could be achieved through analysis of covariance (ANCOVA) specifications, when autocorrelation of the data is low across rounds (McKenzie et al. 2012) . We investigated the level of auto-correlation in both the production and consumption data where both sets of data were below the recommended threshold of 0.5, where we might expect ANCOVA estimators to increase the statistical power of our estimates. An additional econometric strategy could have been to estimate the post-estimator, a comparison between the endline treatment and control differences. This estimator would be underpowered given our study design. With a fixed data collection budget, it would not have necessarily doubled the study's total number of observations at endline, as the program design of targeting children from 3-12 months before program implementation required a pre-intervention household visit. For these reasons, we maintain a DID estimation strategy rather than using an ANCOVA or post-estimator.
Empirical Results
The theoretical framework outlined in section two illustrates the multiple mechanisms through which the agriculture-nutrition program can affect household nutrient availability. We estimate this program's treatment effects first on the extensive and intensive margin of production as a direct effect of the program's agricultural interventions. Increased production diversity has been shown to increase dietary diversity (Dillon, McGee, and Oseni 2014; Jones, Shrinivas, and Bezner-Kerr 2014) , but it is unclear if increased production diversity is a sufficient condition for increased nutrient availability, particularly if the intensive margin of production is low. We present treatment effects on area cultivated by gender to assess whether any production changes are due to extensification or intensification of land use. If the program increased total production, then the household could also increase nutrient consumption through increased income from the sale of agricultural commodities to purchase a more diverse and nutrient-rich diet. We test whether agricultural income increased as a potential mechanism to increased nutrient availability in the household.
The last two mechanisms tested include disaggregations of the nutrient gap consumption data rather than the nutrient production data. After establishing whether the program had an effect on nutrient gaps in household consumption, we test to see whether those effects are driven by changes in expenditures or price changes. Changes in expenditures may be driven by the nutrition education components of the program, which promoted nutritious foods to mothers who are primarily responsible for the purchase of foods such as meats and vegetables included in the family's sauces that accompany grains such as rice, sorghum, or millet, which are normally drawn from the household's stocks. Treatment effects on prices are also estimated to establish whether changes in food supply from the production interventions had an effect on market prices and a household's purchasing power and nutrient availability in the household. By estimating treatment effects on the different mechanisms that could affect nutrient availability, we can provide evidence as to which mechanism affected nutrient availability in this multi-sectoral program.
Crop Portfolio Choice and Nutrient Production Gaps
There are two potential effects of the production intervention on household nutrient production. First, production diversity may improve diet quality and nutrition outcomes via dietary diversity. A key objective of the production intervention was to increase production diversity by providing vegetable seeds not commonly available in rural villages, as well as drip irrigation to facilitate dry season vegetable gardening. Second, the production intervention also supplied small agricultural assets to women, as well as irrigation, which could increase farm output.
In table 4, the intent to treat effects of the production intervention on the probability of growing a crop is estimated. This is the least disaggregated approach to estimating the effect of the program on the extensive margin of production. The probability of growing staple crops such as rice, millet, sorghum, peanuts, and sesame is not affected by the program intervention, as expected. Most households already grew some of these crops and they were not targeted by the production intervention. Baseline means of the probability a household grew a particular crop are provided in table 4. Vegetables such as tomatoes, onions, eggplant, carrots, and beans were crops promoted by the program. The results in table 4 provide evidence that the probability of growing these crops greatly increased in both the HC and OWL treatments. Bean cultivation in HC villages is 20% more likely and 15% more likely in OWL villages, while the probability of tomato production increased by 33% and 32% in the respective treatment groups. These difference in differences intent to treat effects are the absolute difference between baseline and endline for the treatment groups and control groups. This result is consistent with the program implementation strategy to only vary the BCC implementer across treatment subgroups while providing a generally uniform production intervention across villages. It is important to also compare program objectives with the estimated treatment effects. A significant effort to increase the production of dark green leafy vegetables was largely unsuccessful. No statistically significant effect of the treatment groups on either spinach, lettuce, or cabbage is estimated. While there is not evidence that the production of dark green leafy vegetables increased in response to treatment, the table 4 results illustrate that total production diversity increased in response to the production treatment. This provides some evidence that production diversity is one mechanism through which nutrient consumption effects can be explained.
The second potential mechanism through which the production intervention could affect household nutrient consumption is via increased production, or the intensive margin of production, leading to either increased household income or increased food available for own-consumption. In table 5, the intent to treat effects of the program on nutrient production gaps is estimated from the household production data using the same methodology to calculate nutrient values as was used to construct the nutrient consumption gaps.
Using the same macro-and micronutrient categories as the consumption results, no statistically significant effects of the production intervention in either the HC or OWL groups on the total production of macro and micronutrients is found. While production diversity increased in response to the program intervention, total production of nutrients did not increase significantly.
In table 6 , we show that increased agricultural income from cereal and non-cereal sales did not increase in treatment villages relative to control villages, consistent with the level of production nutrients also not increasing. We also observe no statistically significant effects on hectares cultivated by either men or women in treatment villages. The production diversity changes are primarily driven by beneficiary women in treatment household experimenting with different crop varieties on the demonstration plots which were quite small. Wider scale adoption and cultivation of these varieties did not occur in response to the program nor produce a significant change in agricultural income. These two mechanisms, either extensification or increases in agricultural income, are not likely pathways through which nutrient gaps could have been reduced in the context of this integrated agriculture and nutrition program.
Nutrient Consumption Gaps
In the regression specifications described above, the intent to treat effect of the program is estimated on the nutrient consumption gaps. Figure 1 first presents the sample mean proportion of the household RDA for each macro-and micronutrient by round and treatment group. The graphic illustrates that households at baseline across the treatment and control groups do not meet 50% of the RDA for vitamin A and vitamin B12, while consumption of vitamin C and folate are below the RDA. The trend between baseline and endline surveys in macro-and micronutrient consumption is negative in all treatment and control groups.
The DID estimates of the nutrient consumption gap specified in equation (10) is presented in table 7. Household nutrient consumption gaps were calculated as the household nutrient consumption minus the household nutrient requirement. As the baseline statistics indicate in table 7, households actually exceeded caloric recommendations and RDA for iron, zinc, thiamin, and vitamin B6 at baseline, but consumed below the RDA for riboflavin, folate, vitamin B12, vitamin A, and vitamin C. The effect of program assignment to either the "Health Committee" (HC) or the "Older Women Leaders" (OWL) treatments is estimated on these macro-and micro-nutrient gaps or surpluses of household diets. Intent to treat effects of program assignment are substantial in both the HC and OWL groups, though only the HC group demonstrated program effects on calories, iron, zinc, and thiamin. Relative to the HC group, the OWL treatment resulted in smaller coefficient estimates with the exception of the effect of the OWL treatment on vitamin C. The HC treatment had no effect on the vitamin C nutrient gap.
In interpreting the effect sizes, nutrient surpluses or gaps are measured relative to the baseline standard deviation reported in the table. Among the micronutrients that were below the RDA at baseline, riboflavin gaps were reduced by 46% of a standard deviation in the HC group relative to 24% of the baseline standard deviation in the OWL group, while only the OWL group reduced the vitamin C gap by 30% of a standard deviation. Folate gaps (46% effect size in HC relative to 24% effect size in OWL), vitamin B12 gaps (33% effect size in HC relative to 25% effect size in OWL), and vitamin A gaps (33% effect size in HC relative to 28% effect size in OWL) not only improved during the program implementation period, but did so substantially. Energy, iron, zinc, thiamin, and vitamin B6 demonstrated substantial increases, despite baseline means in excess of household RDA. Taken together, the results from the nutrient consumption gap difference in differences estimates suggest that the treatments had a significant and large effect on macroand micronutrient gaps in treated households, particularly in the HC group where we have previously demonstrated large effects on mothers' knowledge due to the nutrition, health, and hygiene BCC strategy .
Food Expenditures and Market Prices
As the production of nutrient-rich foods did not substantially increase over the program period, the last mechanism through which increases in the consumption of nutrient-rich foods could be explained is via changes in preferences as represented by food expenditures. The BCC component of the program intervention reinforced the importance of eating a diverse, nutrient-rich diet and identified nutrient-rich foods not only for children, but also for everyone in the household. This dietary information was not simply provided to households, but reinforced through frequent meetings and encouragement to improve diets for everyone in households with children in particular. Table 8 estimates the nominal changes in food expenditures by food group using a 7-day reference Note: Mean proportions of the RDAs met are presented in decimals in the above graphs. Mean consumption that meets or exceeds the RDA has a score of 1 or above, while mean consumption below the RDA in a particular micronutrient or in energy will have a score less than 1. period. 10 While consumption may be prone to short-term fluctuations, the administration of the survey over similar study periods, and particularly during the lean season, demonstrates the importance of food expenditures in explaining changes in nutrient consumption gaps in table 8.
In the HC group, increases in meat and fish expenditures (34% of a standard deviation) explain differences in iron and zinc gaps relative to the OWL group, as well as treatment effects on the other micronutrients. In the OWL households, increases in fruit expenditures also provide a plausible explanation for increases in micronutrient increases, particularly with respect to increases in the vitamin C gap among OWL households. Decreases in the consumption nutrient gaps may be explained by this increased food expenditure on nutritious foods. Tastes for nutritious foods caused by the BCC component could have caused this shift in expenditures. The BCC strategy emphasized increased purchase of nutrient richfoods, particularly for mothers and children. In previous work, we have estimated positive effects of intake by mothers and children using individual specific measures (Olney et al. , 2016 ). While we cannot disaggregate the effect of the consumption nutrient gap change within the household, we do demonstrate with the treatment effects on food expenditures that food preferences were changed in the OWL and HC groups.
Demand for nutritious foods can also be driven by changes in market prices, either in response to annual price variation or the direct result of the program's production interventions. Table 9 estimates real median village prices for the same food groups for which we estimated expenditure treatment effects. These coefficient estimates do not provide evidence that price changes were significantly different between treatment and control groups, with all but two expenditure categories demonstrating a statistically significant increase in price. These price changes are nominally small in magnitude. hold consumption relative to the RDA has been decreased or exceeded. Sample size differences across tables are due to differences in outliers that result from the nutrient calculations. The distribution of these errors is balanced across treatment and control groups. Asterisks indicate the following: ***p < 0.01; **p < 0.05; and *p < 0.1. 10 Nominal price changes are used to avoid bias in overestimating the effect of inflation given the lack of national rural price data. As food price inflation was likely to occur over this period, our estimates are lower bounds on the true intent to treat effect.
Conclusion
Results from earlier studies have demonstrated low-calorie income elasticities and a small, positive relationship between production diversity and dietary diversity. Relying on economic growth alone or agricultural intensification are not sufficient conditions to reduce macro-and micronutrient deficiencies. This paper provides evidence on the relative roles that agricultural production and BCC strategies had in influencing householdlevel nutrient consumption using a clusterrandomized control trial from Burkina Faso. In a nonseperable agricultural household model, production and consumption decisions are interlinked, suggesting two theoretical mechanisms through which production interventions may have significant effects on household nutrition. Increased production at either the intensive or extensive margin may increase food availability and agricultural income, which may be used to improve diet quality. Food prices may also change in response to production interventions, which also affected nutrient demand. In response to BCC interventions, household diets may change in response to improved knowledge of nutrient-rich foods and their benefits. In particular, the BCC intervention may have had its effect on increasing food expenditures by changing household tastes towards more nutritious foods. This paper tests these multiple mechanisms and finds that, in the context of this study, the program intervention had a large effect on food expenditures, but little effect on increased nutrient production at the intensive margin.
Though production changed at the extensive margin in response to agricultural interventions, production changes at the intensive margin were limited, though we observed large effects of the HC treatment on nutrient consumption gaps. Given differences in the food expenditure treatment effects between groups, this provides evidence based on the randomized treatment assignment, that differences in the BCC strategy between treatment groups led to differences in household consumption choices.
Interpreting our results from a policy perspective, increases in production diversity alone do not necessarily lead to diet quality improvements. However, when an agriculture intervention is coupled with an effective BCC strategy, diet quality can be improved, as measured by increased dietary diversity shown in previous work , or reduced nutrition-consumption gaps, as demonstrated in this paper. This is consistent with food security policy analysis that focuses on food availability, food access, utilization, and stability to assess food security (FAO 2006) . From a food security perspective, the production results suggest there were limited effects on the availability and access dimensions of food security, while the consumption results illustrate significant impact on the use dimension of food security. In their review, Masset et al. (2012) found that the type of agriculture intervention varies considerably across agriculture-nutrition programs, and that the scale of these programs was relatively small, consistent with our findings. This observation may explain, in part, why production interventions to date have demonstrated little impact on nutrition outcomes. They may be primarily focused on production diversity rather than increased total production of nutrient-rich foods and may not have included an effective BCC strategy. Programs that affect the food availability, food access, and stability dimension of food security may have larger impacts on health and nutrition outcomes. Given these results, there is substantial reason for optimism with respect to the potential of agriculture-nutrition programs to reduce nutrient consumption gaps. Challenges in implementing these types of programs at scale are formidable as improving fertilizer delivery, access to agricultural assets, communicating the importance of diet quality and diversity, or increasing arable land, particularly in the dry season, may require substantial, coordinated resources. These results demonstrate that over two agricultural seasons, relatively small production interventions can increase production diversity, which is a necessary but not sufficient condition for improved household nutrient consumption. These results also show how shifts in household preferences, due to the BCC strategy, can shift household expenditures resulting in closing some of the nutrient gaps found in this population. In future work, we hope to explore the relative importance of agricultural and nutrition components of the integrated program, as well as the intensity of production interventions that can contribute to long-term reductions in malnutrition and micronutrient deficiencies.
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